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10 Abstract
11 Water management is a critical issue for proton exchange membrane (PEM) fuel cells, and the 
12 use of a microporous layer (MPL) substantially improves the PEM fuel cell performance, 
13 reliability and durability through improved water management. In this study, graphene, 
14 technically a yet-to-be-developed category of material, is investigated as a potential MPL 
15 material, due to its high electrical and thermal conductivity. MPLs made of graphene (G-
16 MPL) have been fabricated and assessed through morphological, microstructural, physical, 
17 and electrochemical characterizations and performance testing in a single scaled-up cell. 
18 Comparison is also made with MPLs made of a conventional material, Vulcan (V-MPL). The 
19 results show that the G-MPL has a unique morphology composed of horizontally packaged 
20 graphene flakes that improves water management, in-plane electrical conductivity (up to 2 
21 times), catalyst activity, and platinum (Pt) utilization (up to 10%). The cell with the G-MPL 
22 has a better performance than the cell with the V-MPL under both fully (100% RH) and 
23 partially (40% RH) humidified conditions, with the peak power densities of 0.98 W cm-2 and 
24 0.60 W cm-2, respectively – these peak power densities are about 7% and 43% higher than 
25 those obtained for the cell with the V-MPL at 100% and 40% RH, respectively. 
26 Keywords: Proton exchange membrane fuel cell; Water management; Gas diffusion layer; 
27 Microporous Layer; Graphene-based microporous layer
28 1. Introduction
29 Proton exchange membrane (PEM) fuel cell is a promising electrochemical device that 
30 efficiently converts the chemical energy of hydrogen and oxygen into electricity through 
31 electrochemical reactions and produces only water and heat as the by-products [1–4]. A PEM 
32 fuel cell system is generally equipped with an external humidifier to ensure a desirable 
33 humidification level for the membrane-electrode assembly (MEA). However, such a method 
34 of humidification not only reduces the overall efficiency (by triggering parasitic power 
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1 consumption) but also increases the cost, weight, and complexity of the system [5]. If a 
2 sufficient level of humidification could be maintained without an external humidifier, then the 
3 overall system cost could be greatly diminished, which would conclusively advance the 
4 commercial viability of the PEM fuel cell technology. An effective strategy towards 
5 accomplishing this target is to propose a well-engineered MEA design that can retain 
6 sufficient water for effective humidification without the need of an external humidifier under 
7 a wide range of operating conditions [6]. Thus, it is pressing to develop effective design 
8 methodologies and innovative materials for the microporous layer (MPL), a critical 
9 constituent that plays a critical role in water management [7].
10 The MPL, typically contains a carbon-based powder and a hydrophobic agent, is deposited 
11 simply onto the gas diffusion layer (GDL) as a thin layer; accordingly, it takes up only a small 
12 fraction of GDL thickness. Thus far, numerous carbon-based commercial products – ranging 
13 from Vulcan® XC-72R [8], Ketjenblack® EC-300J [9], Ketjenblack® EC-600JD [10], to Black 
14 Pearls® 2000 [11] and Hicon Black® [7] – have been considered as a potential material for 
15 MPLs, since they are an excellent combination of favorable characteristics, such as high 
16 thermal and electrical conductivity, favorable structural and surface characteristics, wide 
17 availability, and economical viability [12]. However, by their very nature, these carbon-based 
18 nanomaterials are susceptible to oxidation when they are exposed to a highly oxidative 
19 environment during PEM fuel cell operation, restricting their applicability – for instance, 
20 long-term functionality, alongside suboptimal thermo-chemical stability [13]. Besides these 
21 “bottlenecks”, the MPLs made of these materials only perform properly (without any 
22 performance compromise) under a very limited range of operating conditions (see, [6,14] for 
23 example), a challenge to their potential use for next-generation MPLs.
24 Recently, graphene, a two-dimensional (2D) building block for carbon materials with all other 
25 dimensionalities (as illustrated in Fig. 1) [15], has emerged as an alternative to conventional 
26 carbon-based materials in numerious fields of energy and environmental studies (see, [16,17] 
27 for instance) – primarily motivated by its unsurpassed characteristics – for example, excellent 
28 electrical and thermal conductivity, along with exceptional mechanical stiffness and elasticity 
29 [18] – characteristics that may also spark exponentially growing interests in graphene’s 
30 potential as an alternative MPL material. However, until now, despite graphene’s wide range 
31 of applications and distinctive characteristics, there have been only two studies investigating 
32 its potential use for MPL preparation in the open literature. Table 1 summarizes the 
33 motivation and content of these studies. As seen from Table 1, Leeuwner et al. [19] have 
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1 assessed commercial graphene foam as a free-standing layer in a small-scale PEM fuel cell 
2 (with an electrode geometric area of 5 cm2) and claimed that situating the graphene foam 
3 provides a spectrum of benefits by improving mechanical integrity between the catalyst layer 
4 and GDL, reducing interfacial electrical resistance, and ensuring an improved water 
5 management, specifically at low- and intermediate current densities. More recently, 
6 Najafabadi et al. [18] have assessed the performance of the MPLs made of ultrathin graphene 
7 sheets for small-scale PEM fuel cells and reported their performance-enhancing effects, 
8 specifically under low-humidity conditions. 
9 These studies have provided an excellent background for further studies by revealing positive 
10 effects of graphene-based MPLs, particularly under low-humidity conditions, along with 
11 several open questions that require further investigation. For example, the morphological, 
12 microstructural, physical, and electrochemical characteristics of graphene-based MPLs have 
13 not been fully understood yet. Equally important, the performance characteristics of graphene-
14 based MPLs in scaled-up PEM fuel cells have not been studied or at least not reported so far. 
15 Thus, these investigations as reported in this study will significantly contribute to finding an 
16 answer to the pertinent question of will the introduction of graphene into MPLs can break the 
17 PEM fuel cells’ dependence on external humidifiers for membrane humidification, or will 
18 next-generation PEM fuel cells be assembled with graphene-based MPLs. The objective of 
19 the present study is therefore to address these open questions by assessing graphene-based 
20 MPL’s morphological, physical and structural characteristics, scrutinizing its performance in 
21 a scaled-up cell (with an electrode geometric area of 45 cm2), and investigating its potential 
22 influences on catalyst activity, platinum (Pt) utilization, and ohmic resistance (Table 1).
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1 Fig. 1. Illustrations of (a) wrapping up of graphene into a zero-dimensional (0D) buckyball, 
2 (b) rolling of graphene into a one-dimensional (1D) nanotube, and (c) stacking of graphene 
3 into three-dimensional (3D) graphite, as adopted from [15].
4 Table 1. Summary of the relevant studies focusing on the investigation of graphene as an 
5 alternative MPL material.
6

















– Inserted into the 
membrane electrode assembly 
(MEA) as a free-standing layer
– Employed on the cathode 
side
– No hydrophobic treatment
– Thickness – 30-50 µm
– Porosity – 20-40%*
– Pore size – 30-200+ µm
– Surface morphology and 
roughness
–  Wettability
– Through-plane electrical 
resistance
– In-plane resistivity and 
interfacial contact resistance





















– Fabricated with spray-
coating 
– Employed on the cathode 
side
– Hydrophobic treatment – 
20 wt.% PTFE
– Material coating – 1.5 mg 
cm-2
– Thickness – 20-30 µm
– Porosity – 30-40%
– Surface morphology
–  Wettability
– Kinetic and mass 
transport properties (exchange 
current density, through-plane 























– Fabricated with spray-
coating
– Employed on the cathode 
side
– Hydrophobic treatment –  
20 wt.% PTFE
– Material loading – 2.0 mg 
cm-2
– Thickness – 22-26 µm
– Porosity – 58.8%
– Surface morphology
– Microstructural analyses 
(porosity, pore size distribution, 
mean pore size, total pore 
volume, and bulk density)
– Physical analyses (in-
plane electrical resistivity, 
through-plane air permeability, 
and wettability)
– Electrochemical 
analyses (cyclic voltammetry 







area of 45 
cm2
* denotes the specifications provided by the manufacturer





3 2.1. Microporous layer (MPL) fabrication 
4 To fabricate the MPLs made of either graphene (heXo-G V20, NanoXplore, specific (BET) 
5 surface area: 30 m2 g-1) (G-MPL) or Vulcan (Vulcan® XC-72R, Fuel Cell Store, specific 
6 (BET) surface area: 220 m2 g-1) (V-MPL), a similar procedure involving successive steps are 
7 followed. However, for brevity, in this section, only the one followed for the fabrication of the 
8 G-MPL is described. Firstly, a slurry is prepared by sequentially adding graphene powder, 
9 isopropyl alcohol (99.9%, IPA, Sigma Aldrich®), deionized (DI) water, and 
10 polytetrafluoroethylene (PTFE, 60 wt.%, Sigma Aldrich®) to a glass vessel. Secondly, the 
11 resulting slurry is mechanically stirred by an ultrasonic bath (Fischer ScientificTM, 5800) at 
12 room temperature for 2 h. Thirdly, the single-layer GDL (Avcarb EP40 carbon paper) is 
13 subjected to a pressurized nitrogen gas to sweep away any contaminants embedded in it, 
14 followed by spray-deposition of the slurry onto only one surface of the single-layer GDL and 
15 heat treatment at 240°C for 1 h to evaporate any remaining moisture. Lastly, the fully dried 
16 now dual-layer GDL is sintered at 350°C for 40 min to ensure a well proportioned PTFE 
17 distribution throughout the surface. The loadings of the employed powder (graphene or 
18 Vulcan) and PTFE for both the MPLs are kept identical as 2.0 mg cm-2 and 20 wt.%, 
19 respectively, as recommended in [20].
20 2.2. Membrane electrode assembly (MEA) fabrication 
21 Prior to fabrication of the MEAs, the catalyst slurry, which contains carbon-supported 
22 platinum (Pt/C, 68 wt.%), isopropyl alcohol, 25 wt.% perfluorosulfonic acid, and deionized 
23 (DI) water, is prepared and spread directly onto the both sides of the membrane (Nafion® 211) 
24 until the anode and cathode catalyst loadings of 0.1 and 0.4 mg cm-2, respectively, are 
25 achieved. Thereafter, the sample of interest dual-layer GDL (the dual-layer GDL either with 
26 the G-MPL or V-MPL) is placed on the cathode side, while the commercially available dual-
27 layer GDL (Avcarb GDS3250) is employed on the anode side. 
28 2.3. Characterization of dual-layer GDLs
29 2.3.1. Morphological, microstructural and physical characterization
30 The morphologies of the single- (without MPL) and dual-layer (after MPL deposition) GDLs 
31 are examined via a scanning electron microscope (Zeiss GeminiSEM 300). Scanning electron 
32 microscopy (SEM) images are purposefully captured from both the top and cross-sectional 
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1 views to obtain information about the samples’ surface and cross-sectional characteristics. All 
2 of the presented images are recorded from the samples without gold coating.
3 The pore characteristics of the single- and dual-layer GDLs are assessed by following a 
4 procedure, similar to that reported by Zamel and Li [21], via an automated standard 
5 porosimeter (Porotech Standard Porosimeter, 3.1). In its simplest form, this procedure relies 
6 on (i) evacuating the air inside the test sample cut into a circular shape (23 mm in diameter), 
7 (ii) soaking the test sample into octane (>99%, anhydrous, Sigma Aldrich®), along with two 
8 standard samples, (iii) weighing the samples before and after immersing them in octane, (iv) 
9 sandwiching the test sample between the two standard samples and recording the change in 
10 the weights of the samples (due to evaporation) through consecutive measurements, and (v) 
11 generating the capillary pressure curve for the test sample by utilizing the known capillary 
12 pressure curves for the standard samples. 
13 The electrical resistivities of the dual-layer GDLs are measured through a four-probe 
14 technique, as discussed in detail in [22], by a probe station (Cascade microtech), compatible 
15 with a four-point head (C4S). Prior to measurements, the test sample is mounted on an 
16 insulating plate, and the tungsten tips connected to the equally spaced probes are embedded in 
17 the sample. A constant voltage of 50 mV (with frequency of 1 kHz) is applied between the 
18 outer probes, and the corresponding resistance (according to the Ohm’s Law) between the two 
19 inner probes is recorded. The in-plane resistivity for each sample is then determined in a 
20 manner similar to that suggested in [22]. For each sample, at least 20 measurements are 
21 conducted in 3 different orientations. The collected resistance values present a homogeneous 
22 distribution in a narrow range, whereupon the data will be presented as the range.
23 The through-plane air permeabilities of the dual-layer GDLs are obtained by following a 
24 procedure similar to that discussed in detail in [23] via a custom-built experimental setup. The 
25 measurements through this procedure involves (i) situating the test of interest sample cut into 
26 a circular shape (30 mm in diameter) between two metal disks, (ii) supplying air at 75°C with 
27 varying flow rates (from 500 to 100 ml/min, in 100 ml/min decrements) and recording the 
28 corresponding pressure difference across the sample, and eventually (iv) utilizing the solution 
29 of Darcy’s Law for single-phase one-dimensional compressible flow through a porous 
30 medium to determine the air permeability coefficients of the samples [23]. The permeability 
31 measurements are conducted five times for each sample, and the data will be presented as the 
32 range, which captures all the permeability values determined.
ACCEPTED MANUSCRIPT
7
1 Sessile drop technique is used to explore the wettability characteristics of the dual-layer GDLs 
2 by adopting a procedure, discussed in detail in [24], via a standard static contact angle 
3 goniometer (Ramé–Hart Instrument). The procedure basically involves (i) mounting a 
4 circular-shaped test sample (30 mm in diameter) on an anti-vibrating bench, (ii) dropping a 
5 water droplet with a fixed volume of 7 μl onto the sample via a dispenser, (iii) fitting a 
6 tangent line to the triple-phase point (where the droplet touches the sample surface), and (iv) 
7 determining the static contact angle via a commercial software. The measurements are carried 
8 out with three samples obtained from each test of interest dual-layer GDL, and at least 10 
9 measurements are collected from each sample. The data are presented as a range as well, since 
10 the static contact angles obtained from the measurements present a fairly homogeneous 
11 distribution in a narrow range.
12 2.3.2. Electrochemical characterization
13 In-situ cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) analyses 
14 are performed via a computer-aided commercial fuel cell test station (Greenlight Innovation, 
15 G20), equipped with a frequency response analyzer and a booster (Gamry Instruments, 30K). 
16 CV measurements are performed under the same operating conditions for both the MEAs. In 
17 the measurements, the cathode (working electrode) and the anode (the reference and also 
18 counter electrode) of the cell are fed with humidified nitrogen and hydrogen, respectively. 
19 The voltage applied is swept from 0.10 to 0.80 V, at a scanning rate of 0.05 V s-1. The cyclic 
20 voltammograms for the MEAs assembled with the dual-layer GDLs are recorded after 20 
21 successive cycles, thereby a better accuracy is achieved for the calculated electrochemical 
22 surface areas (ECSAs) with a standard deviation of less than 2.5%. To calculate catalyst 
23 utilization, the morphology of the catalyst employed is investigated by a high-resolution 
24 transmission electron microscope (HRTEM) (Zeiss Libra® 200 MC) operated at an 
25 acceleration voltage of 200 kV. The images are recorded via a CCD camera. Samples are 
26 prepared by mixing a proper amount of catalyst with hexane in a sonicator for 30 min, 
27 followed by dropping of the resulting solution on a copper grid and drying it at room 
28 temperature. 
29 EIS measurements are performed at 0.70 V in potentiostatic mode by applying a signal with 
30 an amplitude of 10 mA, and frequency is swept from 100 mHz to 1000 kHz. Since the 
31 reaction rate of oxygen reduction is much slower than that of hydrogen oxidation, the cell 
32 impedance is likely be dominated by the cathodic impedance [25]. Thus, the cathode electrode 
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1 is employed as the working electrode, while the anode electrode is the counter electrode (and 
2 the reference electrode as well).
3 2.4. PEM fuel cell performance analysis
4 The steady-state polarization characteristics of the MEAs with the dual-layer GDLs are 
5 investigated by the computer-aided commercial fuel cell test station (Greenlight Innovation, 
6 G20). The experimental setup typically consists of graphite bipolar plates with an electrode 
7 active area of 45 cm2, along with other auxiliary equipment. On completion of leakage test, 
8 the test of interest MEA is assembled and activated. For comparison, performance testing is 
9 conducted under the same operating conditions for both the MEAs assembled either with the 
10 G-MPL or V-MPL, respectively: a cell temperature of 75°C, varied air and hydrogen relative 
11 humidities (40% RH, 70% RH, and 100% RH), an air and hydrogen back pressure of 35 kPag, 
12 and air and hydrogen flow rates of 9.00 and 4.45 l/min, respectively. To obtain the 
13 polarization curve, the current density is recorded potentiostatically from open-circuit voltage 
14 (OCV) to ~0.20 V, in 0.10 V decrements. Each polarization curve is the average of three 
15 polarization curves measured on three different days, and the standard deviation is calculated 
16 to be no more than 5%.
17 3. Results and Discussion
18 3.1. Morphological and microstructural analyses 
19 The images captured from the top and cross-sectional views of the single-layer GDL (Avcarb 
20 EP40, without MPL) and the dual-layer GDLs are presented in Fig. 2. It is seen that in the 
21 single-layer GDL, the carbon fibres, as seen from Figs. 2(a) and 2(b), are oriented 
22 anisotropically along the in- and through-plane directions, which is expected to dramatically 
23 influence its physical characteristics, i.e., electrical and thermal conductivity, in these 
24 directions [26]. In addition, the single-layer GDL is abundant with macropores with sizes up 
25 to tens of micrometers (i.e., 120.2 μm, as dimensioned in Fig. 2(a)), implying that without 
26 MPL deposition, the single-layer GDL itself would not only increase the interfacial contact 
27 resistance between the GDL and catalyst layer but also deteriorate overall cell performance by 
28 allowing catalyst to penetrate deeply into GDL through the available macro-scale open pores. 
29 In the dual-layer GDL with the G-MPL, the graphene flakes with sizes up to several tens of 
30 micrometers (i.e., 27.78 μm, as dimensioned in Fig. 2(c), inset) yield fairly uniform 
31 distribution over the surface, along with no visible PTFE agglomeration and surface cracks. 
32 The graphene flakes tend to stack horizontally (i.e., in the in-plane direction) and constitute an 
33 interconnected network along the in- and through-plane directions (see Figs. 2(c) and 2(d)). 
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1 These flakes are also inclined to penetrate deeply into the GDL (see Fig. 2(d)), rather than 
2 simply accumulate in the regions on the surface or near the surface, making the MPL 
3 thickness relatively smaller (see Table 2). As a matter of fact, formation of such a composite-
4 like dual-layer GDL structure is expected to make the physical characteristics, i.e., electrical 
5 and thermal conductivity, more uniform along the in- and through-plane directions. The dual-
6 layer GDL with the V-MPL exhibits compact and porous surface characteristics (see Fig. 2(e), 
7 inset), but along with small amount of PTFE/Vulcan agglomeration and visible macro-scale 
8 surface cracks (see Fig. 2(e)), akin to desiccation cracks in soil. The compact structure and 
9 macro-scale surface cracks could be ascribed to the fairly small average particle size of 
10 Vulcan, typically around 40 nm [27]. Similar to the G-MPL, the V-MPL is not simply 
11 deposited onto the single-layer GDL but, rather, penetrates deeply into it (see Fig. 2(f)), which 
12 is also expected to make the physical characteristics similar along the in- and through-plane 
13 directions. This penetration could also be a contributing factor to the relatively small MPL 
14 thickness (see Table 2).
15 The pore characteristics of the single- and dual-layer GDLs are determined through a series of 
16 porosimetry analyses, as presented in Fig. 3 and Table 2. For the sake of comparison and also 
17 to simplify the classification of microstructural characteristics, the pores within the GDLs 
18 under consideration are identified according to their size: the pores smaller than 0.07 μm are 
19 identified as micropores, the pores in the range of 0.07-5 μm are as mesopores, and the pores 
20 larger than 5 μm are as macropores. For the single-layer GDL, about 6.6% of the cumulative 
21 pore volume is taken up by the micropores, while approximately 41.6% and 51.8% of that is 
22 taken up by the mesopores and macropores, respectively. The relatively less micro-pore 
23 volume within the single-layer GDL is ascribed to the small PTFE agglomerates, whereas a 
24 relatively higher volume of meso- and macropores could be related to the interconnected 
25 network formed by carbon fibers, which may also be corroborated by the SEM observation of 
26 the single-layer GDL (see Fig. 2(a)). For the dual-layer GDL with the G-MPL, approximately 
27 11.1% of the cumulative pore volume is taken up by the micropores, whereas 69.3% and 
28 19.6% of that is taken up by the mesopores and macropores, respectively. It is clear that 
29 deposition of the G-MPL leads to formation of more micro- and mesopores (since the micro- 
30 and meso-pore volumes increase from 6.6% to 11.1% and 41.6% to 69.3%, respectively), 
31 whereas gives rise to a noticeable decrease in the volume of macropores (from 51.8% to 
32 19.6%). The increase in the volume of micro- and mesopores is likely caused by the micro-
33 scale spaces at the interfaces of graphene flakes/PTFE/carbon fibers, while the reduced 
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1 macro-pore volume is a clear indication that the majority of the macro-scale pores are filled 
2 by the graphene flakes, consistent with the captured SEM images (see Figs. 2(c) and 2(d)).
3 For the dual-layer GDL with the V-MPL, approximately 33.9% of the cumulative pore 
4 volume is in the micro-pore range, 38.4% is in the meso-pore range, and 27.7% is in the 
5 macro-pore range (see Fig. 3). It is clear that deposition of the V-MPL substantially increases 
6 the volume of micropores (from 6.6% to 33.9%), whereas decreases that of meso- and 
7 macropores (from 41.6% to 38.4% and 51.8% to 27.7%, respectively), potentially associated 
8 with the spherical and a relatively small average particle size of Vulcan, around 40 nm [27]. 
9 The smaller particle size of the employed powder seems to facilitate the formation of 
10 micropores, because relatively less micro-pore volume formation is observed, when graphene 
11 with a nominal particle size of 30 μm is employed, rather than Vulcan. This finding correlates 
12 well with the fairly small mean pore size (40.6 nm) of the dual-layer GDL with the V-MPL, 
13 compared to that of one with the G-MPL (179.7 nm) (see Table 2). It is also seen that 
14 deposition of the G-MPL onto the single-layer GDL only slightly reduces its mean pore size 
15 (from 190.5 to 179.7 nm), likely originating from the formation of less micropores. Lastly, as 
16 seen in Table 2, deposition of either the G-MPL or V-MPL onto the single-layer GDL leads to 
17 a perceivable decrease in its porosity, along with a slight increase in its total pore volume.
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1 Fig. 2. SEM images of the dual-layer GDLs: (a) surface of the single-layer GDL (Avcarb 
2 EP40, without MPL), inset showing the detail of anisotropically oriented carbon fibers and 
3 macropores; (b) cross-sectional images of the single-layer GDL (Avcarb EP40, without 
4 MPL); (c) surface of the dual-layer GDL with the G-MPL, inset showing the graphene flakes 
5 with their size; (d) cross-sectional images of the dual-layer GDL with the G-MPL; (e) surface 
6 of the dual-layer GDL with the V-MPL, inset showing the porous surface characteristics, 
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1 together with small amount of Vulcan/PTFE agglomeration; (f) cross-sectional images of the 













15 Fig. 3. (a) Cumulative and (b) differential pore size distributions in a single-layer GDL 
16 (Avcarb EP40, without MPL) and dual-layer GDLs either with the G-MPL or V-MPL. r is the 
17 pore radius; d is the pore diameter.
18 Table 2. Pore characteristics of the single- and dual-layer GDLs.
GDL type
  MPL 
carbon
 powder 






















Avcarb EP40 --- 0 0 0 0.2212 73.8 190.5 0.0996
Avcarb EP40 Graphene heXo-G V20 2.0 20.0 22-26 0.2921 58.8 179.7 0.1023
Avcarb EP40 Vulcan XC-72R 2.0 20.0 26-30 0.3111 65.3 40.6 0.1121
*Total pore volume value is obtained from the two pieces of sample.
19
20 3.2. Physical analyses 
21 A summary of the physical characteristics, i.e., in-plane electrical resistivity, through-plane 
22 air permeability and wettability, determined for the dual-layer GDLs either with the G-MPL 
23 or V-MPL is presented in Table 3. 
24 The in-plane electrical resistivities of the dual-layer GDLs are determined according to the 
25 method of four-probe, as presented in Table 3. Since all the materials, except for the powders 
26 employed for the MPL fabrication, are the same, and the MPLs are prepared by following the 
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1 same procedure, with the matched engineering parameters, the obtained electrical resistivities 
2 for the dual-layer GDLs are expected to be a strong function of the employed powders’ 
3 (graphene or Vulcan) intrinsic properties as well as the achieved electron transport 
4 capabilities when the individual particles of these powders are bound to each other by a 
5 polymeric binder [28]. Owing to its distinctive electronic structure, graphene’s single-particle 
6 conductivity is exceptionally high (~108 S m-1), while when its particles are interconnected to 
7 each other as the bulk powder (as in the case of MPL), it experiences a steepest decline (up to 
8 six orders of magnitude) in overall electron conductivity [28]. Even though graphene 
9 experiences such a dramatic drop in its electrical conductivity capability, the in-plane 
10 electrical resistivity (16.8-19.9 mΩ cm) obtained for the dual-layer GDL with the G-MPL is 
11 nearly half that of the dual-layer GDL with the V-MPL (25.3-29.7 mΩ cm), suggesting that 
12 the former provides more direct and less resistive pathways through which electrons can 
13 easily transport. Formation of such pathways may be due to the well-connected network built 
14 up by the densely packaged graphene flakes (see Fig. 2(c)).
15 The through-plane air permeability of a dual-layer GDL is greatly affected by its 
16 microstructural and dimensional characteristics, such as porosity, pore size distribution, mean 
17 pore size, and thickness. For instance, an increase in the porosity, mean pore size, and macro-
18 pore volume facilitates the air transport across the sample, thereby improving its permeability, 
19 whereas an increase in the sample thickness results in a substantial drop in its permeability by 
20 increasing the complexity of the diffusion paths [29]. As evident from Table 3, compared with 
21 the dual-layer GDL with the V-MPL ((1.31-1.68) x 10-13), a relatively low through-plane air 
22 permeability is obtained for the one with the G-MPL ((6.95-7.98) x 10-14), which is in good 
23 agreement with the microstructural characteristics obtained for the dual-layer GDLs. As seen 
24 in Table 2, the porosity of the dual-layer GDL with the G-MPL (58.8%) is distinctly lower, 
25 compared to that of the one with the V-MPL (65.3%). Similarly, the former one has a 
26 relatively low macro-pore volume (19.6%), compared to the latter (27.7%), which is a clear 
27 sign of the presence of more resistance to the air flow. The morphological characteristics 
28 achieved upon deposition of the MPLs are also of paramount importance, particularly because 
29 they significantly influence the complexity (or tortuosity) of the air pathways. For example, 
30 the horizontally and firmly packaged macro-scale graphene flakes existing in the G-MPL 
31 probably stimulates the occurrence of a significant resistance to the air that flows in the 
32 direction perpendicular to them (see Fig. 2(c)), whereas the surface cracks (up to 15 μm wide) 
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1 on the surface of the V-MPL likely facilitates the air transport by forming more direct (or less 
2 tortuous) pathways (see Fig. 2(e)).
3 The wettability characteristics of the dual-layer GDLs are also investigated by determining 
4 their static contact angles. As shown in Table 3, a slightly higher static contact angle (156-
5 160°) (a more hydrophobic characteristic) is obtained for the dual-layer GDL with the V-
6 MPL, compared to the dual-layer GDL based on the G-MPL (152-156°), potentially ascribed 
7 to the former’s slightly higher capillarity. According to the Young-Laplace equation, the 
8 capillarity of a dual-layer GDL depends to a large extent on the volume of micropores; that is, 
9 the larger the volume of micropores, the more capillary it is (see, [30] for example). Since the 
10 former’s micro-pore volume (33.9%) is relatively higher than that of the latter (11.1%), its 
11 capillarity could reasonably be slightly higher. The morphology and surface characteristics 
12 (i.e., homogeneity and roughness) of the dual-layer GDLs also substantially influence the 
13 static contact angle range obtained; as such, a relatively broader range is usually detected for 
14 rough and non-uniform surfaces, because the wettability characteristics vary perceivably 
15 depending on the location of the water droplets. However, in this study, no significant 
16 location-dependent static contact angle variation is detected (see Table 3), which could, in 
17 turn, be an indication of homogeneous wettability characteristics.
18 Table 3. Physical characteristics of the dual-layer GDLs.
19
20 3.3. Electrochemical analyses 
21 The cyclic voltammograms for hydrogen adsorption and desorption of the MEAs assembled 
22 either with the G-MPL or V-MPL are presented in Fig. 4. The electrochemical surface areas 
23 (ECSAs) are calculated considering the coulombic charge for hydrogen adsorption and 
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Avcarb EP40 Graphene heXo-G V20 2.0 20.0 22-26 152-156° 16.8-19.9 (6.95-7.98) x 10-14
Avcarb EP40 Vulcan XC-72R 2.0 20.0 24-28 156-160° 25.3-29.7 (1.31-1.68) x 10-13
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1 where  and  are the total charge of the hydrogen adsorption/desorption area and QPt Q ref
2 adequate charge for oxidizing a monolayer of hydrogen on the platinum (Pt) surface, 
3 respectively, and  stands for the Pt loading on the electrode. It is clear that both the MEAs mPt
4 present the common voltammograms for hydrogen adsorption and desorption on Pt surface. 
5 However, the ECSAs calculated for the MEAs with the G-MPL and V-MPL are 87 and 79 m2 
6 g-1, respectively; clearly the ECSA for the former is noticeably higher than that for the latter. 
7 Since the method of catalyst-coated membrane (CCM) is applied in the fabrication of both the 
8 MEAs, the effect of catalyst penetration into the dual-layer GDLs may be assumed to be 
9 negligible and cannot explain the noticeable difference between the ECSAs. The potential 
10 reasons for the higher ECSA calculated for the MEA assembled with the G-MPL could be 
11 relatively faster electron transport and a higher degree of surface contact between the G-MPL 
12 and catalyst layer. As mentioned earlier, the electrical conductivity of G-MPL is about twice 
13 that of the V-MPL; potentially accelerating hydrogen desorption reaction by providing 
14 comparatively faster electron transport. The G-MPL also presents a fairly uniform and unique 
15 morphology, in which graphene flakes are horizontally and firmly packaged (see Fig. 2(c)), 
16 probably offering a smooth layer (thus a relatively higher degree of surface contact), 












29 Fig. 4. Cyclic voltammograms for the MEAs assembled either with the G-MPL or V-MPL.
30
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1 Pt utilization is also calculated to understand the potential impact of the employed MPL on 
2 catalyst utilization by using the cyclic voltammetry data and the size of the Pt nanoparticles. 
3 Figure 5 shows the HRTEM image of the Pt nanoparticles employed in the electrodes of both 
4 the MEAs. The surface averaged particle size  of the Pt nanoparticles is calculated in a (ds)
5 manner similar to that reported in [32] using the following equation:







2                                                                                                            (2)
7 where  represents the number of particles with a diameter of . The  is determined by ni di ds
8 selecting at least 50 different particles from randomly captured regions, which is 2.95 nm. Pt 
9 utilization for the each MEA is estimated from the ratio of the ECSA over the geometric 
10 surface area (GSA) of the Pt nanoparticles, as follows [31]:
11                                                             Pt utilization (%) =
ECSA (m2/gPt)
GSA (m2/gPt)
x 100                                                                                          (3) 
12 The GSA of the Pt nanoparticles can be calculated by utilizing the previously determined  ds
13 (2.95 nm) and the density of Pt (21.4 x 106 g m-3) [33]:
14 GSA (m2/gPt) =
6
ρPtds
                                                                                                                         (4)
15 From Eqs. (1) and (4), it is found that the Pt utilization for the G-MPL and V-MPL are around 
16 91% and 83%, respectively; suggesting clearly that the characteristics of the MPL employed 
17 has a substantial impact on catalyst activity and Pt utilization. 
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1 Fig. 5. HRTEM image of the Pt nanoparticles incorporated into the electrodes of the MEAs 
2 assembled either with the G-MPL or V-MPL.
3 Electrochemical impedance spectroscopy (EIS) is used to further examine the influence of 
4 MPL composition on the cell performance under various relative humidity (RH) conditions 
5 for the air and hydrogen streams. Figure 6 shows the impedance spectra at a cell voltage of 
6 0.70 V as a function of air and hydrogen RHs for the PEM fuel cells assembled either with the 
7 G-MPL or V-MPL. The real (horizontal) axis intersects the impedance spectrum at the end of 
8 high-frequency arc represents the ohmic resistance. As seen from Figs. 6(a) and 6(b), the 
9 ohmic resistances increase and gradually shift to right with decreasing RHs of the air and 
10 hydrogen streams, attributable to the potential deterioration in the membranes’ proton 
11 conduction capabilities, caused probably by the decrease in the water content of the 
12 membranes with the drop in the RHs of the air and hydrogen streams [34]. However, the 
13 ohmic resistance increase observed for the cell assembled with the G-MPL is relatively less, 
14 indicating clearly that the G-MPL has a greater water-retaining capability for effective 
15 membrane hydration. In each curve, the low-frequency arc represents the resistance to the 
16 transport of air to the triple-phase boundary, while the high-frequency arc is basically ascribed 
17 to the charge transfer resistance [6]. It is clear that both the high- and low-frequency arcs 
18 grow continuously with decreasing RHs of the air and hydrogen streams; however, this grow 
19 remains distinctively low for the cell assembled with the G-MPL, compared to the one based 
20 on V-MPL (see Fig. 6(c), for example), potentially related to the G-MPL’s better water 
21 management and effective electron transport capability.
22 3.4. Single cell performance analysis 
23 To provide practical insights into the water management capabilities of the G-MPL and V-
24 MPL, PEM fuel cell performance measurements are conducted in a single and scaled-up fuel 
25 cell under the same operating conditions: a cell temperature of 75°C, an air and hydrogen 
26 back pressure of 35 kPag, air and hydrogen flow rates of 9.00 and 4.45 l/min, respectively, 
27 and varied air and hydrogen RHs (40% RH, 70% RH, and 100% RH). 
28 Figs. 7(a) and 7(b) show the current-voltage polarization curves obtained from the MEAs 
29 assembled either with the G-MPL or V-MPL under various RHs in air and hydrogen streams. 
30 It is clearly seen that the influence of RH is quiet substantial and the cell performance 
31 depends dramatically on the humidification level of the air and hydrogen streams. Both the 
32 MEAs exhibit the best performance at the fully-humidified condition (100% RH); more 
33 specifically, the peak power densities of 0.98 W cm-2 and 0.92 W cm-2 are achieved for the 
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1 MEAs with the G-MPL and V-MPL, respectively. However, as seen from Fig. 8, when the air 



























(c) comparison at 40% RH










































1 Fig. 6. Impedance spectra for the PEM fuel cells assembled with different MPLs at 0.70 V. 
2 (a) G-MPL, (b) V-MPL, and (c) comparison at 40% relative humidity (RH). Operating 
3 temperature: 75°C, air and hydrogen back pressure: 35 kPag, varied air and hydrogen RHs 
4 (40% RH, 70% RH, and 100% RH), and air and hydrogen flow rates: 9.00 and 4.45 l/min, 
5 respectively.
6 the MEA with the G-MPL still shows superior performance, with a peak power density of 
7 0.81 W cm-2, compared to the one with the V-MPL (0.72 W cm-2) – this corresponds to a 
8 power density superiority of about 13%. Since the similar surface-wetting characteristics (see 
9 Table 3) are observed upon deposition of both the G-MPL and V-MPL, this superior 
10 performance could be associated with the G-MPL’s morphology, in which graphene flakes are 
11 firmly and horizontally stacked; potentially forming comparatively complex (more tortuous) 
12 pathways for water transport and facilitating water retention. As the air and hydrogen RH is 
13 further reduced to 40%, not surprisingly, the peak power densities for the MEAs with G-MPL 
14 and V-MPL decrease from 0.81 W cm-2 to 0.60 W cm-2 and 0.72 W cm-2 to 0.42 W cm-2, 
15 corresponding to power density drops of about 26% and 42%, respectively. However, the 
16 peak power density of the MEA with the G-MPL is still approximately 43% higher, likely 
17 resulting from the better water management capability of the G-MPL. These findings are also 
18 in good agreement with those reported in the previous subsection for the EIS measurements. 
19 As mentioned earlier, the V-MPL has macro-scale surface cracks (up to 15 μm wide), 
20 probably forming more direct and less complex water pathways (specifically along the 
21 through- plane direction) through which the water can easily be transported by the pressure 
22 arising from membrane swelling during cell operation. Such a simplified way of water 
23 transport probably induces severe membrane dehydration under low-humidity operation (i.e., 
24 40% RH). On basis of these findings, the application of G-MPL on the cathode side of an 
25 MEA significantly improves its performance not only under high-humidity conditions, but 
26 also low- and intermediate-humidity operation. Graphene, therefore, has not only a great 
27 promise of being widely employed as an ideal MPL material for next-generation PEM fuel 
28 cells, but also high potential for opening up an opportunity to clear away the necessity of 



















14 Fig. 7. Polarization curves obtained from the MEAs assembled with the (a) G-MPL and (b) 
15 V-MPL for various relative humidity (RH) conditions of the air and hydrogen streams. 
16 Operating temperature: 75°C, air and hydrogen back pressures: 35 kPag, and air and hydrogen 














31 Fig. 8. Peak power densities obtained from the MEAs assembled either with the G-MPL or V-
32 MPL for various relative humidity (RH) conditions of the air and hydrogen streams. 
(a) with G-MPL (b) with V-MPL




























































1 Operating temperature: 75°C, air and hydrogen back pressures: 35 kPag, and air and hydrogen 




6 In this study, graphene is investigated as a potential microporous layer (MPL) material for its 
7 use in scaled-up proton exchange membrane (PEM) fuel cells. In this context, an MPL made 
8 of graphene (G-MPL) has been fabricated by the spray-deposition technique, and extensive 
9 investigation into its morphological, microstructural, physical, electrochemical characteristics, 
10 and scaled-up PEM fuel cell performance is conducted. Comparison studies are also 
11 performed with an MPL made of a widely employed MPL material, Vulcan (V-MPL). The 
12 results indicate that upon deposition of G-MPL onto the single-layer GDL, a desirable 
13 morphological structure, which not only improves electron transport and provides effective 
14 water management under both partially and fully humidified conditions, but also improves 
15 catalyst activity and platinum (Pt) utilization, has been achieved. Owing to the G-MPL’s 
16 improved water-retaining and electron transport capabilities, relatively less ohmic resistances, 
17 specifically under partially humidified conditions, are observed. Even though these results are 
18 highly encouraging towards not only the manufacture of PEM fuel cells with improved 
19 performance, but also future breakthroughs, such as breaking the PEM fuel cells’ dependence 
20 on external humidifiers for membrane humidification, a complete understanding of graphene-
21 based MPL’s commercial viability requires further investigations centering upon optimization 
22 and long-term performance studies. 
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     Highlights
 Evaluated graphene as an alternative microporous layer material
 Reported morphological, structural, physical, and electrochemical characteristics
 Assessed scaled-up single cell performance of a graphene-based MPL
 Achieved highly enhanced performance under a wide range of humidity conditions
